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Abstract 
Archaea are the least understood of the three domains of cellular life.  Their virosphere is even 
less understood due in part to a lack of model systems.  Samples taken from acidic hot springs of 
Yellowstone National Park (YNP) have yielded many plaque-forming viruses infecting 
Sulfolobus islandicus.  Three strains designated V3, V60, and V65 have been sequenced and 
serve as laboratory strains.  All three YNP strains have a stiff rod-shaped virion ~900nm in 
length a characteristic of the virial family Rudivirdae.  Sequence analysis reveal the YNP strains 
are most closely related to Icelandic Rudiviruses SIRV1 and -2.  Both plaque characteristics and 
infection kinetics indicate that the three strains are lytic.  S. islandicus K0016-4 cultures infected 
with YNP viruses have yielded many virus resistant host strains.  Modified fluctuation assays 
indicate resistance arises in population 1000x greater than what would be expected of random 
mutation of a virus receptor protein.  A new virus specific spacer was not added to the CRISPR 
arrays and virus resistance arose in a population without virus selection indicating CRISPR-Cas 
system was not the mechanism.  No mutation was detected in six surface proteins homologous 
that have been implemented in SIRV2 resistance to S. sofataricus.  Resistance to the three YNP 
Rudiviruses in S. islandicus arises in populations without virus selection and resistance cells 
revert back to the virus sensitive phenotype at 13-fold higher frequency.   
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Chapter I.  Introduction 
Archaea 
Archaea represent the third domain of cellular life along with Bacteria and Eukarya. 
Originally grouped with bacteria, Archaea were not recognized as a monophyletic group until the 
1970’s.  Work by Carl Woese and collegues demonstrated that archaea, initially classified as 
archaebacteria, differ biochemically and physiologically from their bacterial counterparts.(1)  
This was made clear by rRNA sequencing that led Woese to propose the current three domain 
model that separates the five kingdom arrangement.(1, 2)  Archaea share unique structures 
absent from both bacteria and eukaryotes, many of which allow them to colonize and thrive in 
extremes of temperature, pH, and salinity.(2)  The two major phyla include Eurarchaeota, which 
is composed of methanogens, halophiles, and thermophiles; and Crenarchaeota, composed of 
many hyperthermophillic archaeal species. The methanogens inhabit a range of anaerobic 
environments and receive their name for generating methane as an end product of the form of 
cellular respiration known as methanogenesis.(3)  Halophiles are found in hypersaline 
environments such as the Dead Sea, where the salt concentration of the water is higher than that 
of the Ocean.  The halophilic archaea inhabitants are slightly thermophilic (40-50oC) and are 
able to maintain osmotic balance with the environment by incorporating salts such as potassium 
into their cytoplasm.(4-6)  The order Sulfolobales of the Crenarchaeota phylum contain 
hyperthermophilic and acidophilic archaea.  The Sulfolobales inhabit hot springs from 
geothermal vents with optimal growth conditions of 80oC and pH range of 2.5-3.2.  Multiple 
species have been successfully cultured from volcanic regions around the world, including those 
of Yellowstone National Park in Montana in Washington in the United States (7), as well as 
volcanic regions of Iceland, Russia,(8) and Japan. (9)  
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Phylogenetic studies have also shown that Archaea to be the closest prokaryotic ancestor 
to higher Eukaryotes.  As such, they share characteristics common to bacteria and eukaryotic 
microorganisms.  Like bacteria, archaea have a simple single cell structure lacking a membrane 
contained nucleus as well as other organelles.  Archaeal genes, similar to bacterial genes, lack 
introns (with exception of their ribosomes) and transcribe multiple operons in a polycistronic 
fashion (10).  Archaea DNA polymerases as well as RNA polymerases resemble those encoded 
by Eukaryotes (11).  
The Sulfolobus spp. currently serve as a model hyperthermophilic archaea, residing in 
acidic hot springs with temperatures >70oC.  They have adapted to this environment by 
incorporating thermostable tetraether lipids in their membrane that are also highly impermeable 
to protons and they maintain an internal pH of ~6.5 (12, 13).  They are easily cultured in aerobic 
laboratory settings and have a doubling time of ~6hrs.  Additionally, their proteins are very 
stable under crystallization, allowing complete 3D structures of proteins and their intermediate 
structures.  This has allowed for comparative analysis of the activities in DNA processing 
enzymes such as a proof-reading helicase in S. tokadii to those of eukaryotes to provide accurate 
understanding of its nucleotide excision repair activity (14).  The development of two selective 
markers in Sulfolobus strains, as well as transformation competent cells, have allowed for genetic 
manipulation.   
Viruses and the Archaeal Virosphere 
Similar to all cellular life, archaea are infected by viruses.  These non-cellular micro-
organisms function at the most basic level as a host-dependent replicating genomic molecule 
wrapped in a protein coat.  Viruses lack the necessary molecular machinery for motility, 
metabolism, and most notably replication.  To produce progeny, viruses must ‘infect’ a host cell 
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and reprogram the cell’s molecular machinery for its own benefit.  Historically, viruses infecting 
bacteria and eukaryotes have been the focus of virologists.  Viruses that infect and kill bacteria 
were termed ‘bacteriophage,’ from the Greek word phagein meaning ‘to eat’ or ‘to devour,’ 
referring to the lysing (killing) of the infected bacterial cell.  Thus, viruses infecting bacteria are 
referred to as bacteriophage or the shorter abbreviation of phage, while the term virus is more 
commonly used for eukaryotes.  
Lytic bacteriophage served as important tools for early studies of molecular genetics.  
Bacteriophage T2 was utilized in the traditional Hershey-Chase experiments which demonstrated 
that nucleic acids were the ‘heredity’ molecule rather than proteins (15).  Furthermore, phage 
ɸX174 was the first biological entity to have its entire genome sequenced (16).  Viruses infecting 
animals, especially humans, have been the focus of medical research for decades in order to 
control and/or eliminate diseases that plague human populations as well as livestock (17-19).  
The study of plant virus transmission and viral defense has also been of major importance to the 
agriculture industry, in order to prevent loss of crops (20-22). 
Little is known about archaea compared to that of the other domains and far less is 
understood about their viruses.  More than 100 archaeal viruses have been reported (23).  The 
first report of an archaeal virus was his in 1974, which infects the halophile Halobacterium 
salinarium (24).  HsI was originally classified as a bacteriophage with the classic head and tail 
morphology since archaea were yet to be recognized as a monophyletic group (24).  HsI was 
initially recognized as having a lytic infection cycle.  It was later discovered that H. salinarium 
cells infected with HsI maintained a virus-host carrier state in which the prophage was passed to 
progeny cells and would enter a lytic cycle when salt concentration had decreased to the 
physiological limit of H. salinarium (24, 25).  
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Viruses infecting thermophilic archaea were isolated later in 1981, followed by the first  
virus infecting an archaeal methanogen in 1984 (23).  While the first archeaeal viruses were 
isolated and described 40 years prior to this writing, our understanding of the archaeal virosphere  
remains limited especially of those infecting halophiles and methanogens due to difficulties in 
laboratory cultivation of such viruses.  In contrast, viruses infecting thermophilic and 
hyperthermophilic archaea have emerged as model systems, specifically those that infect 
Sulfolobales, due to their ease in laboratory propagation.  The early studies of Sulfolobus viruses 
focused on the Sulfolobus spindle-shaped virus (SSV) which was the first archaeal virus (SSV1) 
genome to be fully sequenced (26-28).  While SSVs could be propagated in the laboratory, there 
was still a lack in a viral species that was recognized as lytic.  Viral species of the 
hyperthermophilic  family Rudivirdae were recognized as lytic upon the discovery of a novel 
egress system which would open the cell wall of Sulfolobus host-cells releasing the progeny 
virions was described (29).  The first SIRV species (SIRV1 and -2) were isolated from hot 
springs in a volcanic region of Iceland (30).  Other Rudiviruses have also been isolated from 
multiple regions around the globe, some of which propagate in different species of Sulfolobus.   
Both Acidianus rod-shaped virus 1 (ARV1) and Stygiolobus rod-shaped virus (SRV) were 
isolated from hot-springs of Azores, Portugal (31, 32).  As their names imply, ARV1 and SRV 
propagate in Acidianus and Stygiolobus species (order Sulfolobales) respectively (31, 32).  Most 
recently, metagenomic analysis of hot-springs in Los Azufres National Park, Mexico, yielded 
sequences that were reconstructed into a novel Rudivirus, Sulfolobus Mexican Rudivirus 1 
(SMR1) (33).  All five Rudiviruses share a similar virion morphology and contain a set of the 
‘core’ Rudivirus genes:  major capsid protein, minor capsid protein, a Holliday junction 
resolvase, CAS-like protein and glycosyl-transferases (31-33).  No Rudiviruses had previously 
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been isolated and sequenced from hot-springs of Yellowstone National Park, Wyoming.  Work 
by the Grogan Lab has isolated many virus strains and sequenced three virus genomes 
resembling Rudiviruses.  While much of our understanding of Rudiviruses is from study of the 
Icelandic SIRV species, little focus has been placed on basic biology of virus and their 
interactions with their host cells beyond the infection and egress system.    
Purpose 
The aim of this project began as one to characterize lytic viruses infecting Sulfolobus 
islandicus cells isolated from Yellowstone National Park (YNP), Wyoming.  Early investigation 
focused on basic properties of infection of the host cell S. islandicus K0016-4 and classification 
of each virus based on virion morphology along with genome sequence analysis.  While 
Sulfolobus infecting viruses such as SSV have been previously isolated from YNP, our isolates 
were the first examples of a lytic Rudiviruses from Yellowstone.  This project also included the 
construction of a phylogeny of the current members of the Rudivirdae family as well as three 
new Rudivirus strains from YNP.  
This project grew to include the investigation of the virus’ interaction with its host-cell 
beyond the simple infection cycle. This was motivated by observations of large number of host-
cells surviving infection at a high multiplicity of infection.  These survivor host-cells were 
resistant to subsequent infections by the previously encountered virus strain.  Thus, this project 
expanded to characterize the resistance mechanism employed by host S. islandicus K0016-4 with 
the goal of identifying the virus resistance mechanism.   
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Chapter II.  Characterization of lytic viruses isolated from hot 
springs of Yellowstone National Park 
Introduction 
Bacteriophage have been extensively studied and have served as our only model of 
prokaryotic viruses for years.   Bacteriophages and the host cells they infect have been an 
instrumental tool for early molecular biology and genetics.  While the golden age of phage 
genetics has passed, a large gap remains in our understanding of the prokaryotic virosphere.  
Investigators have just begun to characterize Archaeal viruses.  To date of this thesis over 100 
Archaeal viruses have been reported but only 41 complete archaeal virus genomes are available 
(1, 2).  Of the archaeal viruses, those infecting the thermophiles have emerged as model systems 
of archaeal virus study.  The Rudivirdae family has been the focus of archaeal viral research in 
the past decade due to their recognition as a lytic archaeal virus and ease to propagate in 
laboratory settings.   
Two strains of Sulfolobus islandicus rod-shape viruses (SIRV) that were isolated from 
Icelandic hot-springs have been the focus of Rudivirus study.  SIRVs infect the 
hyperthermophilic S. islandicus but have also been shown to infect other species such as S. 
solfataricus (3).  Their stiff rod-shaped virion morphology and attachment to host cell pili-like 
structures via three filamentous proteins located at the ends of the virion have been described (3, 
4). Hyperthermophilic viruses like Rudiviruses must maintain virion structure as well as protect 
the integrity of its genome in their hostile environment.  Recently the major capsid protein was 
shown to form an α-helix that wraps around the phage dsDNA resulting in its a-form structure 
like the DNA in bacterial endospores (5).  Multiple genes such as a novel Holliday junction 
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resolvase (6), a dUTPase (7) and a single-strand specific endonuclease (8) have been identified 
and studied in SIRVs and serve as some of the core genes of Rudiviruses.    
One of the most notable characteristics of the Rudiviruses  is their novel egress system.  
The Rudivirus protein PVAP results in the formation of a virus pyramid-like structure (VAP) on 
the membrane consisting of seven isosceles triangles that separate along each of the vertices and 
fold along the base to lyse the cell and release the progeny phage particles (9, 10).  While much 
of the work has focused on this egress system, gaps in our knowledge about the basic biology of 
Rudiviruses remain.  This is especially true for Rudivirus species other than SIRV1 and SIRV2 
that have been isolated from other parts of the globe, most recently Yellowstone National Park 
(YNP), Wyoming. 
SIRVs have also received attention for their potential applications in biotechnology.  
Bacteriophages have been proposed as vectors for gene delivery in gene therapy and have been 
proposed as an alternative to antibiotic treatments especially with the increase in antibiotic 
resistant bacteria.  Phage capsids have also been manipulated to present proteins, peptides and 
even antibodies for library screening (11-14). Unlike typical bacteriophages, SIRVs have capsids 
stable in high temperature and acidic conditions.  High stability of their major coat protein, along 
with self-assembly, has made them strong candidates for manipulations as viral nanoparticles 
(VNPs) (15).  Nanoscale construction requires both self-assembly of structures along with ability 
to maintain stability under the harsh conditions in the assembly process, thus making SIRVs a 
promising subject.  In addition to stability, access to attachment sites has also been identified in 
SIRV2 allowing for possible structural manipulations of the capsid (15). 
Purpose 
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 The purpose of this project was to characterize lytic viral strains (termed ‘phage’ in the 
remainder of this thesis) infecting S. islandicus isolated from Yellowstone National Park.  This 
project focused on characterizing virion morphology, infection cycle, and analysis of their 
genomes as well as identification of possible open reading frames (ORFs).  This project included 
the isolating and analysis of a number of Sulfolobus viruses sampled again in Yellowstone 
National Park in 2011. 
Materials and Methods 
Environmental hot spring samples 
 The YNP phage strains V3, V60 and V65 were previously isolated in 2008 by methods to 
be described later.  All other phage strains were isolated from multiple hot springs across 
Yellowstone National Park in summer of 2011 and 2014.  Each hot spring sampled had a 
temperature that fell within 65-82oC and a pH value within 2.5-3.5.  A glass vial was used to 
scoop up mud/sediment along with liquid from the hot spring.  Samples were sealed and kept at 
room temperature during transport back to the laboratory for culturing.   
Sulfolobus isolation  
Samples were re-suspended in their original vial and large particles were allowed to settle 
(varied from 1 hour to 24 hours depending on sediment grade).  In the first round of plating, 
200uL of each sample was spread-plated on dextrin-tryptone media plates and incubated at 80oC.  
Protocol for the liquid and solid dextrin-tryptone (DT) culturing media used was previously 
documented  by Grogan and Gunsalus (16).  Samples yielding confluent growth or colony counts 
>2000 were diluted 20 fold and re-plated and incubated at 80oC.  Colony forming unit (CFU) 
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was calculated for each sample and colonies were re-suspended in a microtiter dish in a solution 
of 9% DMSO and stored at -80oC.    
Virus isolation  
 Samples from 2011 and 2014 were re-suspended in their original vial and large particles 
were allowed to settle (varied from 1-24 hours depending on sediment grade).  200uL of the 
sample was pipetted into 4uL of molten overlay media containing 200uL of fresh S. islandicus 
host strain.  The overlay was then mixed and poured over standard DT plate.  After the overlay 
solidified, plates were incubated at 80oC until lawn formation.  Using a syringe tipped with 
sterile Teflon tubing, plaques were removed as plugs and re-suspended in 0.5mL of Sulfolobus 
dilution buffer (SDIL) (17).  The plugs were stored at 4oC for 5 days to allow particles to diffuse 
out. 0.4mL of solution was removed, cells pelleted, and 0.2mL of supernatant stored in a 9% 
DMSO solution at -80oC.   
Plaque assay 
 10-100μL of a lysate and 20-50μL of host cells was added to 4mL of molten overlay 
media (heated to ~42oC).  Inoculated overlay media was vortexed and poured onto fresh DT 
media and allowed to solidify.  Plates were incubated at 80oC until lawn formation on the plate.  
Plates yielding isolated plaques were counted and used to calculate plaque forming units (PFU) 
per 1mL. 
Phage Lysate Stocks and Preservation 
 To produce lab stocks of a phage strain, 6mL cultures of sensitive S. islandicus K0016-4 
was infected with ~108 phage particles and incubated at 80oC until complete lysis was observed 
visually (30-36hrs).  To remove cells and lysis products, lysates were put through two rounds of 
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centrifugation.  Pellets were discarded after each centrifugation.  The supernatant was collected 
and stored at 4oC. 
 For cryopreservation of phage particles, 0.1mL of DMSO was added to 1mL of each of 
the three phage lysates for a final concentration of 9.1%.  As a control, 0.1mL of Sdil was added 
to separate tubes of each of the three phage strains.  Both sets of lysates were then frozen at -
80oC.  The tubes were thawed to room temperature (25oC) and PFU was measured for each 
treatment and control tube via the standard plaque assay. 
Sulfolobus Genomic DNA extractions 
Cultures were transferred to a 2 mL microtube and pelleted cells by centrifugation at 13000x 
rpm for 5 minutes.  The supernatant was decanted and 20 μL of diatomaceous earth (DE) 
suspension was added.  Over a period of 5 min, the tubes were intermittently vortexed to re-
suspend the pellet.  After remixing, 400 μL of solution GES2 (5M GuHCl, 0.5M EDTA, 0.5% 
sarkosyl) was added and the suspension was mixed by inversion intermittently over the next 10 
minutes.  Contents were centrifuged for 3 minutes at 12000xg and the supernatant discarded.  
The pellet was re-suspended by 300uL of wash solution (2-propanol + ammonium acetate) and 
supernatant discarded after centrifugation for 3 minutes (12000xg).  Pellets were vacuum-
desiccated for 5 minutes.  Diatoms were dispersed with 100uL of TE (Tris + EDTA 10/1 pH = 
8.5) elution buffer and incubated for 10 minutes at 56oC.  The contents were centrifuged for 5 
minutes and 90 μL of the supernatant was then transferred to a new microtube.  Genomic DNA 
was brought out of solution by adding 450 μL of 95% ethanol and incubated at room temperature 
for 10 minutes.  Genomic DNA was then pelleted by centrifugation for 10 minutes.  The 
supernatant was discarded and gDNA vacuum-desiccated for 5 minutes.  Purified gDNA was 
dissolved in 35 μL of sterile TE and stored frozen at -4oC.  
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Phage Genomic DNA extractions 
 To one volume of phage lysate 0.5 volume of 3X PP was added, mixed thoroughly and 
refrigerated overnight.  The precipitate was collected via centrifugation (10 k x g for 30 minutes) 
and the supernatant decanted into phage waste container.  0.5mL of GTES+DE (5M 
Guanidinium thiocyanate, 0.4M EDTA, 0.3% Sarkosyl and diatomaceous earth 1% w/v) reagent 
was dispensed into each tube, mixed, and the entire mixture transferred to a 1.5 mL 
microcentrifuge tube. The tubes were sealed and incubated at 60oC for 20 minutes, with 
intermediate mixing throughout incubation. After incubation, the contents were centrifuged ~10 
k rpm for 3 minutes.  The supernatant was discarded and 0.4 mL of WASH solution (1.25M 
ammonium acetate, 6mM Tris, 0.6mM EDTA, 40% v/v isopropanol) was used to re-suspend the 
pellet. The diatom fraction was pelleted again by centrifugation at ~10k rpm for 3 minutes.  The 
supernatant was discarded and the contents were vacuum-desiccated for 10 minutes. 0.1 mL of 
TE was then added to disperse DE and samples were incubated at 60oC for 10 minutes. 
Following incubation, samples were centrifuged for 3 minutes and supernatant transferred to a 
clean microcentrifuge tube.  450uL of 95% ethanol was added and samples incubated at room 
temperature for 10 minutes.  DNA was pelleted by centrifugation for 10 minutes at high speed.  
The supernatant was discarded, and the samples were vacuum-desiccate for 5 minutes.  Extracted 
phage gDNA was dissolved in 35uL sterile TE and stored frozen. 
Lysis Kinetics 
2mL culture of the S. islandicus host was prepared in liquid DT media and incubated for 
36 hours at 80oC.  Once the culture reached an optical density (OD) of ~0.1-0.2 it was transferred 
to ~86.4 mL of liquid DT media and thoroughly mixed.  The culture was separated into two 
sterile 125mL Erlenmeyer flask, 44.2 mL each.  The flasks were then hooked into a sampling 
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apparatus and incubated in a water bath/shaker at 80oC.  1 mL aliquots were taken at multiple 
time points approximately 2 hours apart and cell density was measured via absorbance (ABS600) 
for each sample taken.  Upon reaching OD of 0.06, 1.4 mL of V60 lysate (~2x109 PFU/mL) was 
added to the ‘infected’ culture which resulted in a MOI calculated to be about 7 (1.4 mL of liquid 
DT was added to control culture).  Sampling continued until the OD of the infected culture 
stabilized around 0.01 ABS600.  5uL of each sample was also spotted on solidified overlay media 
to test for phage particle presence.   
Electron Microscopy 
Phage lysates were adsorbed to EM grids and negatively stained with 2% uranyl 
acetate(18, 19). Grids were imaged in a JEOL JEM 2100 TEM, operated at 200kV with a LaB6 
filament.  Digital micrographs were captured with a Gatan 833 side-mounted camera.  Virion 
particle lengths were measured from micrographs using ImageJ software(20).  Each virion was 
measured by tracing the length of the rod from each end (not including the three tail fibers at 
each end).  Broken virions or those missing tail fiber proteins were excluded. 
Phage Genome Sequencing and Annotation  
The genomic DNAs of phage strains V3, V60, and V65 were sequenced by the Genomics 
Core Facility of Purdue University (West Lafayette, Indiana USA) by fragmentation and cloning 
into a multi-copy plasmid.  Cloned inserts were sequenced by the dye-terminator method and 
assembled into single contigs. 
Open reading frames (ORFs) of the sequenced phage strains were identified by start and 
stop codons within the same reading frame using NEBcutter V2.0 (21). Predicted ORFs with 
amino acid products greater than 80aa residues were annotated as protein coding genes.  Any 
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annotated genes smaller than 80aa were annotated only if a homologue was found in SIRV1 or 
SIRV2.   
Whole genome alignments and phylogenetic tree construction 
 Whole genome alignments were performed using Mauve and MAFFT (Multiple sequence 
Alignment based on Fast Fourier Transform) method (22, 23) under default parameters via 
MegAlign Pro from the Lasergene suite version 11.1 software (DNASTAR, Inc., Madison, WI).  
Maximum likelihood analyses were performed for both Mauve and MAFFT sequence 
alignments using RAxML v.8.0.20 (24) under the DNA sequence evolution model 
GTRGAMMA.  Nodal support was assessed with 10000 bootstrap replicates.  Bootstrap 
consensus trees were constructed using SumTrees v.3.12.0 (25) program under 70% majority 
rule. 
Measuring selective pressure on ORFs 
   Protein coding genes were aligned using Clustal W in MegAlign (Lasergene suite 
version 11.1, DNASTAR) of V3, V60, V65, SIRV1 and SIRV2.  The number of non-
synonymous base substitutions per non-synonymous site (Ka) for a given codon and the number 
of synonymous base substitutions per synonymous site (Ks) for a given codon were tabulated 
from each alignment using the Synonymous Non-synonymous Analysis Program (SNAP, 
http://www.hiv.lanl.gov) (26).  These values were used to calculate Ka/Ks. 
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Results 
Phage isolation from hot springs of Yellowstone National Park 
   Viruses capable of lysing Sulfolobus islandicus were first identified in YNP samples 
from spread plates of samples from hot springs taken in 2008.  Plates intended for colony 
isolation had regions devoid of growth but surrounded by colonies resembling plaques.  When 
these regions were spotted onto a lawn, clear plaques formed, indicating lytic viruses (termed 
‘phage’).  A total of 8 phage isolates were examined with respect to DNA restriction patterns and 
the genomes of three of these strains V3, V60, and V65 were sequenced (Wolfe & Grogan, 
unpublished). In 2011, a total of 56 hot springs were sampled, of which 6 samples yielded 
plaque-forming phage.  27 total plaques were each treated as a separate phage strain, was 
isolated and stored in 9% DMSO at -80oC. 
 Phage genome and Particle Characteristics 
  Three phage strains sampled from Yellowstone National Park in 2008 denoted V3, V60, 
and V65 were chosen for sequencing based on restriction mapping that indicated these were the 
most diverse among other isolates of that year (M. Wolfe, unpublished).  Restriction fragmenting 
and agarose gel analysis approximated genome sizes of V3, V60, and V65 to be 35.9kb, 36.1kb, 
and 35.1kb respectively (D. Grogan, unpublished).  Sequencing all three strains covered ~97% of 
each genome giving sequence lengths of 34,941bps, 35,179bps, and 33,988bps of V3, V60, and 
V65 respectively (see Methods).  
 BLAST analysis of each genome to the NCBI database indicated the three phage were 
related to Rudiviruses, but most closely to species SIRV1 and -2 which shared 76-78% sequence 
identity to V3, V60 and V65.  Large regions of high sequence similarities were separated by 
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multiple regions of low sequence similarity.  BLAST alignments of YNP strains V3, V60, and 
V65 compared to each other share 89-97% sequence identity.  Whole genome alignment showed 
all strains had genome arrangement similar to SIRVs with the exception of an inversion in all 
three YNP strains containing ORFs 435 and 133 (see Figure 2.7d).  Major rearrangements 
detected at the ends were mostly due in part to missing regions of the inverted terminal repeats in 
YNP strains from contig arrangements.      
Transmission electron micrographs (TEMs) of each of the three YNP strains indicated 
each strain’s virion had a rod-shaped morphology (see Figure 2.1A-C) with tail fiber proteins 
(see Figure 2.1E) resembling that of Rudivirdae and the flexible Lipothrixviridae (27).  The 
average virion length of V3, V60, and V65 (excluding tail fibers) were 948.7nm ±7.3nm, 
910.5nm ±12.5, and 895.4nm ±20nm respectively.  The virion rod lengths are closer to members 
of the Rudivirdae family rather than the smaller Lipothrixviridae which average at about ~60-
100nm (27).  The majority of stained virions on each grid were intact particles, however there 
were a number of broken particles observed.  The rod portion of these virions had been broken 
into sections but held together by the DNA molecule (see Figure 2.1D).  It is important to note 
that each section of the broken virion remained as stiff-rod characteristic of the Rudiviruses.  
Each section of a broken virion was able to move or swivel about the break while being tethered 
to the other section. 
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Figure 2.1.  Transmission Electron 
Micrographs of Yellowstone phage A. V3, 
B. V60, and C. V65.  D. V3 with the capsid 
broken into sections held together by genome 
molecule.  E. V3 phage capsid end showing 
small fibrous structure similar to SIRV1 and 
SIRV2. 
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Rudivirdae Family 
Based on sequence identity, virion morphology and size V3, V60 and V65 fall into the 
Rudivirdae family.  Whole genome alignments using both Mauve and MAFFT methods of our 
Yellowstone strains with other sequenced Rudivirus strains such as SIRV1, SIRV2, Sulfolobus 
Mexican Rudivirus (SMR), Stylgiolobus rod-shaped virus, Acidianus rod-shaped virus were 
successful despite high sequence divergence indicated by BLAST.  Mauve alignments were 
capable of detecting sequence rearrangements and possible inversions.  A phylogeny created 
from the alignment shows YNP strains were most closely related (bootstrap support >99%) and 
of the three V3 and V65 most similar (>99%) (see Methods).  YNP strains also scored as most 
closely related to SIRV1 and -2 (>85% bootstrap support) coinciding with the previous BLAST 
analysis (see Figure 2.2A).  Stygioglobus rod-shaped virus was the most closely related 
Rudivirus species to both YNP strains and SIRVs followed by the Acidianus rod-shaped virus 1 
and Sulfolobus Mexican Rudivirus (all >99% bootstrap support).  To account for possible 
misalignments from Mauve, a MAFFT genome alignment was also performed.  Unlike Mauve, 
MAFFT does not detect genomic rearrangements.  Instead, MAFFT can accurately align 
distantly related sequences of similar length and account for large insertions and extensions (22).  
A phylogenetic tree constructed from the MAFFT alignment (see Methods) showed the same 
topography but had higher nodal support overall (see Figure 2.2B).  Strains V3 and V65 scored 
most similar (>99% boostrap support).  The V60 strain was most related to V3 and V60 grouping 
(98% bootstrap support). Both alignments agree and support that YNP strains V3, V60 and V65 
are Rudiviruses most closely related to Icelandic Rudiviruses SIRV1 and SIRV2.    
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Infection Kinetics and plaque characteristics 
Lab SIRV-like strains V3, V60, and V65 all showed clear plaques on overlays of S. 
islandicus K0016-4 host strain (see Figure 2.3).  Plaques also increased in size when incubated 
for multiple days after lawn formation.  Clear isolated plaques were obtained after two days of 
incubation, following streaking of phage strains on overlay plates.  Plaque size increased with 
continued incubation.  An isolated plaque had a diameter of 0.09cm after two days of incubation 
(see Figure 2.3).  The plaque diameter increased by ~0.2cm after three days of incubation and 
~0.1cm by four days of incubation (see Figure 2.3).  New plaques also appeared at 3 days of 
incubation after lawn had already formed and increased in diameter at day four as well (see 
Figure 2.3).   
Figure 2.2.  Maximum Likelihood phylogenetic trees based on both Mauve and MAFFT 
alignments of Rudivirus genomes.  Phylogenetic trees constructed from A. Muave (left) and B. 
MAFFT (right) alignments with bootstrap support labeled at each node. 
 
A. B. 
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To demonstrate lysis of host cells two separate one-step infections of liquid cultures 
using V60 strain were performed.  When cultures of host cells at log phase were infected with 
V60 at an MOI of 7, beginning of lysis was observed at ~2h post infection (see Figure 2.4).  
Cellular growth (measured by absorbance) began to stabilize 2h post infection followed by 
gradual lysis after 2h (see Figure 2.4).  Obvious lysis of the infected cultures as well as clear 
plaquing on host cell lawns demonstrates that the phage infection cycle is lytic rather than 
lysogenic.  It should be noted that while clear lysis was observed there was not a complete loss 
of host cells, since cells were still able to be cultured from lysates on solid DT media (data not 
shown).  Each sample was also spotted on an overlay to test for presence of phage in both 
infected and control cultures.  Plaques did not appear from any samples taken prior to infection 
or in any of the control samples.   
  
Figure 2.3.  Plaque plate of V65 phage streaked on a lawn of S. islandicus 16-4 cells.  
Plates were photographed at 2, 3, and 4 days of incubation.  An example of plaque size 
increasing with continued incubation has been circled in black on each day.  Examples of 
new plaques arising have been circled in white.  
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Figure 2.4 Infection curve. One step infection curve of Sulfolobus islandicus K0016-4 with 
V60 phage.  Cultures were infected with V60 phage (square) at a culture density of 0.06 OD 
(shown as arrow on each graph) 
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Ka/Ks 
   Protein coding genes shared among V3, V60, V65, SIRV1 and SIRV2 were tested for 
Darwinian selection by calculating Ka/Ks, the ratio in which the number of nonsynonymous 
substitutions per non-synonymous site (Ka) to the number of synonymous substitutions per 
synonymous site (Ks).  BLAST analysis of the predicted ORFs of Yellowstone strains V3, V60 
and V65 yielded 23 genes as homologues to genes of SIRV1 and SIRV2 (See Table 2.1).  
Directional selection was measured by calculating Ka/Ks for homologous genes (see Methods). 
Of the 16 genes tested, 4 gave values greater than 1 indicating positive/Darwinian selection.  Of 
these 4 genes, the most interesting is the minor capsid protein (MNCP), Ka/Ks=1.2241 which 
composes the tail fibers of the phage and has been identified as the key component for attaching 
to the host cell (4).  The alignment revealed a well conserved 36 bp region (12aa) at the 
beginning of the Icelandic SIRVs directly followed by a second ATG start codon within the 
same reading frame.  All three YNP strains align with the second start codon of SIRVs the 
beginning sequence stretch.  Nucleotide substitutions composed the majority of the differences 
among the five aligned sequences in the minor capsid protein. The MNCP was not under the 
highest selective pressure like that of a Cas nuclease and a conserved hypothetical protein. 
In contrast to strong Darwinian selection of the MNCP, the major capsid protein (MJCP) 
responsible for the formation of the rod-shaped virion scored for strong purifying selection 
among all five phage strains.  The sequence alignment of the 5 major capsid proteins indicated 
multiple nucleotide substitutions in all five sequences as compared to the control (see Figure 
2.5A).  However, alignment of the translated ORFs demonstrated that all nucleotide substitutions 
occurring in the YNP phage were synonymous substitutions, preserving the amino acid sequence 
among the three (see Figure 2.6B).  The Icelandic SIRV1 and SIRV2 strains had a total of 15 and 
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13 amino acid changes (respectively) as a result nonsynonymous substitutions, 11 of which were 
shared among the two (see Figure 2.5b).  All three Group I glycosyl-transferases also scored as 
purifying selection but at different magnitudes as well as the Holliday junction resolvase, an 
amino acid transporter and tRNA ribosyl transferase.  Two genes, dUTPase and ATP dependent 
protease, both came close to neutral or purifying selection (Ka/Ks = 1). 
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Figure 2.5. Major Capsid nucleotide and amino acid sequence analysis A. Clustal W 
alignment of nucleotide sequence of the major capsid gene. B. Clustal W alignment of amino 
acid sequence of the major capsid gene. 
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Highly-Variable Region 
 A region of the MNCP (positions 17000-17606 in V60), which will be referred to as the 
Highly Variable Region (HVR), was characterized by low sequence identity among the three 
YNP phage and SIRV1 and -2.  PCR primers were designed for sites of conserved sequence 
flanking HVR in the three strains with the intention to classify other Yellowstone phage isolates 
(D. Grogan, unpublished).  Of the 58 2011 phage strains yielding plaques from frozen stocks, 33 
strains were successfully amplified by PCR as well as 8 of the 2008 phage strains.  A 
phylogenetic tree was constructed from the 41 sequenced PCR products, and included sequences 
of the other Rudivirus species (see Figure 2.6 and Methods).  The phylogenetic tree showed 
separation of the isolates into two different clades.  Isolates from both 2008 and 2011 as well as 
from different geographical locations fall in both clades on the tree.  Interestingly, sequenced 
YNP strains V3, V60 and V65 (along with 4 isolates from 2008 and 15 isolates from 2011) 
formed a clade with sequences of the previously sequenced Rudiviruses (see Figure 2.6).  A 
second clade was composed of 4 phage strains from 2008 and 18 strains from 2011.  
Interestingly, none of the fully sequenced phage strains grouped with this second clade.  This 
was surprising since this region was shown to be highly variable among the sequenced YNP 
strains, SIRV1 and -2.  These results do suggest the presence of two main genotypes that have 
fixed in the populations of YNP viruses in YNP. 
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Figure 2.6.  Phylogenetic tree of YNP strains based on HVR.  Phylogenetic tree constructed 
from MAFFT alignment from amplification of the highly variable region of lytic Yellowstone 
phage isolates taken from 2008, 2011 and include previously sequenced Rudiviruses. 
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Discussion 
 The basic biology and sequence analysis of the lytic Sulfolobus viruses isolated from hot 
springs across Yellowstone National Park, Wyoming has led us to categorize our sequenced 
strains as Rudiviruses.  TEM has shown the three sequenced Yellowstone strains had a rod-
shaped virion approximately 900nm in length with tail fibers at each end, a hallmark morphology 
of the Rudiviruses.  While the Lipothrixviridae family have a similar filament-like morphology, 
that are much smaller in size and flexible (27).  Morphology and whole genome alignments 
provide strong evidence that V3, V60 and V65 phage strains belong to the Rudivirdae family.  
Their sequence divergence from other members of this family (specifically SIRV1 and -2) also 
indicated that these viruses are different, but these differences could be explained by geographic 
isolation. 
 Analysis of their genome arrangement revealed a similar arrangement of ORFs among all 
of these phage strains (see Figure 2.8).  The Ka/Ks ratio calculation of ORFs conserved among 
the YNP strains, SIRV1 and -2 indicated Darwinian or purifying selective pressure.  Mutations 
occurred in conserved genes of the five phage but the type of mutation, ie those that change 
amino acid residues (Darwinian) or those synonymous with the original codon (purifying), could 
provide insight as to genes that can tolerate protein structure variation.  Those under Darwinian 
selection, like the Minor Capsid Protein (MNCP), would accumulate mutations that change a 
codon for a different amino acid, thereby changing the protein.  For genes like MNCP, mutation 
could be providing mechanistic advantage to the classic phage defense mechanisms such as 
surface receptor variation.  Mutations changing the overall protein structure can provide a 
selective advantage for the phage that must adapt to host resistance mechanisms.   
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Genes under purifying selection like the major capsid protein (MJCP) have high 
nucleotide variation but does not change the codon at this position.  Additionally, any amino acid 
change in the sequence that is not optimal is removed from the population to achieve an optimal 
protein configuration thereby approaching stabilizing selection state. Nucleotide sequence 
substitution is high in MJCP, demonstrating that mutations are frequent among strains, but 
mutations altering amino acid sequence are not favored.  These mutations are filtered out of the 
population not by selective pressures from host cells but rather by structural deformations in the 
protein product.  Purifying selection was also indicated by the Holliday Junction resolvase 
(HJR), an egress protein (VAP), tRNA ribosyl transferase and all three glycosyl transferases.  
Like the MJCP these genes are also important to the viral life cycle that are not likely to be 
targets of host defense mechanisms.  The HJR resolvase is key to resolving Holliday junctions 
resulting from the hairpin ends during phage genome replication, VAP required for progeny 
phage egress out of the cell and three predicted glycosyl transferases likely responsible for the 
previously reported glycosylated phage capsid (15).  While they do have sequence variation 
among the five phage strains, they too favor synonymous mutations thereby preserving protein 
structure and thus its function.   
 Analysis of the HVR suggest that there are two major groups of phage in Yellowstone.  
These groups were sampled in both 2008 and 2011 demonstrating they have maintained a 
presence in the population over time and were isolated from multiple hot-spring locations.  The 
three previously sequenced YNP strains were originally thought to be quite divergent from each 
other based on early restriction mapping, however whole genome analyses showed two of them 
(V3 and V65) to be closely related.  Alignments of the MNCP gene of the Yellowstone phage 
with SIRV1 and -2 indicated high sequence divergence in the HVR and a possibility to genotype 
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phage strains off of this region.  Based on the phylogenetic tree constructed off of HVR 
alignments (see Figure 2.6) our three Yellowstone strains were grouped in the same clade. 
Additionally, other Rudiviruses all grouped together within this clade as well.  This is rather 
remarkable considering that this is one of the most variable regions of the genome and suggests 
the possible isolation of new Yellowstone Rudivirus species.  Analysis of these strains has been 
limited to HVR and will be followed up by whole genome sequencing.  We have demonstrated 
that there is a clear distinction in genotype of a region of the attachment protein detrimental to 
Rudivirus infection cycle.   
Plaque diameter increasing after additional incubation indicated that phage infection 
resulted in the release of progeny virions rather than an inhibition of cellular growth, as 
originally claimed by Zillig  for SIRV1 (28).  Furthermore, plaques from all three YNP strains 
were clear thus indicating infection cycle results in cell lysis rather than lysogeny.  This was 
further confirmed by the one-step infection curve in which cell density decreased within 2h post 
infection which continued until clear lysis (OD < 0.01) was observed approximately 14h after 
infection.  Clear plaques and nearly complete cell lysis from the one-step infection curve 
demonstrates that these phage strains are lytic.  It was also not surprising to find the VPR gene in 
all three of our phage strains which has been identified in SIRV2 as key component for lysing 
the cell. 
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Figure 2.7.  Block view of Mauve Alignment YNP and Icelandic Rudiviruses.  ORFs 
homologous across all five phage strains are listed based on function or predicted function.  If 
there is no predicted function ORFs were named by amino acid size in strain V60. A. Mauve 
whole genome alignment of V3, V60, V65, SIRV1 and SIRV2 B. (Purple) Largest 
homologous region contains ORFs for the major capsid protein,  both structural proteins, both 
group 1 glycosyl-transferases, minor capsid protein, dUTPase, protein acetylase C. (orange) 
Segment shows conserved ORFs for aminoacid transporter and tRNA transferase, both of 
which are inverted and rearranged to the opposite ends of the SIRV genomes with respect to 
YNP phage D. (Yellow) Shows conserved ORFs 205, ATP-dependent protease and (has coil 
domain) which are inverted in the both SIRVs 
A. 
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Chapter III:  Sulfolobus islandicus resistance to lytic Rudiviruses of 
Yellowstone National Park 
Introduction 
While viruses fall short of meeting the criteria to be considered living cellular organisms, 
such as metabolism, they do possess their own genomic molecule which is replicated and 
packaged into progeny virions (albeit by a host cell).    Their genome can be composed of either 
DNA or RNA and can even be single stranded in either the positive or negative direction.  
Viruses have one or more genomic molecule they are also affected by selective pressures, most 
notably defense from infection by the host cell.  The relationship between viruses and the cells 
they infect can be described as a predator-prey system in which both entities are continuously 
adapting to the other by developing mechanisms to escape infection and viruses overcoming 
such resistance.  
Mechanisms of viral resistance have been studied in both bacterial and eukaryotic model 
systems.  Study of viral resistance in disease causing viruses have led to the production of 
numerous vaccines as well as many antiviral drugs to help fight viral diseases such as Poliovirus, 
Human Immunodeficiency Virus (HIV) and Hepatitis C virus (HCV).  Resistance in higher 
multicellular organisms usually employs a network of cells composing both innate and adaptive 
immune systems to combat viral infection.  Prokaryotic cells do not have a cellular immune 
system like those of multicellular organisms and must rely on adapting molecular resistance 
mechanisms to combat phage infection.  Investigation of viral resistance mechanisms in 
prokaryotes have almost entirely been focused on the bacterial domain.  This was due to a lack of 
model systems in archaea virus-host model systems, at least until recent years.  Similar 
molecular machinery resembling bacterial phage resistant mechanisms has been identified, most 
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notably the CRISPR-Cas restriction system and toxin-antitoxin elements.  While these elements 
have been identified, there remains a gap in knowledge in how archaea interact with their lytic 
viruses and mechanisms they have developed to defend against or escape from infection. 
Prokaryotic virus resistance and virus counter measures 
 The abundance of bacteriophage virions in the biosphere has been estimated to 1031 
virions which outnumbers cellular organisms 10/1 (1).  Environments with a large pool of 
predator phage will cause a population bottleneck of host cells, which if unanswered, could lead 
to population collapse. Therefore, in order to persist in phage-rich environments, host cells must 
escape or defend against infection, thereby replenishing the environment with a resistant host-
cell population.  Once the population is replenished with virus resistant host cells, the phage 
must adapt and overcome resistance thereby perpetuating an ‘arms race’ between phage and the 
host cells they infect.  Phage resistance mechanisms can be separated into 4 categories: 1. 
preventing phage attachment; 2. preventing adsorption of virion or genomic molecule; 3. 
destruction of the genomic molecule, and; 4. abortive infection (2).   
Preventing attachment and/or recognition of a phage particle prevents the infection cycle 
from being initiated.  Viruses depend on their intracellular particle to both recognize the proper 
host cell as well as make physical contact with the cell (attachment).  To do this, viruses have 
specialized receptor proteins that attach to specific host-cell surface proteins.  The host cell can 
escape or resist attachment by modification of its surface receptor protein.  By changing the 3-
dimensional structure of the surface receptor protein, the host cell can lower phage attachment 
efficiency or stop it all together.  Escherichia coli K-12 strains resistant to bacteriophage λ 
infection have either missense or nonsense mutations in the viral attachment surface protein 
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LamB (3, 4).  To counter, λ mutants can accommodate these changes by mutations in its own J 
protein (4, 5).   
Some bacterial cells like Staphylococcus aureus have developed masking proteins that 
compete with phage attachment.  Staphylococcus aureus’ immunoglobulin G-binding protein A 
is a cell wall anchored virulence factor which binds to the Fc fragment of IgG molecules thereby 
lowering phage attachment efficiency by crowding out phage receptors (6, 7).  Unlike E. coli K-
12 mutants, S. aureus protein A protein structure is not altered.  Thus reducing any possible 
fitness cost that could result from mutating protein A.  
If phage have successfully attached to and absorbed into its host cell, preventing the 
reprogramming of the cell becomes paramount.  Multiple restriction modification systems have 
been described in bacteria that target un-methylated DNA for digestion including invading 
genetic elements such as viruses, plasmids and insertion sequence (IS) elements.  Invading phage 
DNA can be methylated by host methylases, thus preventing their destruction.  These events are 
rare and therefore other countermeasures have been utilized by infecting phage.  The efficiency 
of a restriction modification system is directly dependent upon the number of restriction sites 
located on the genomic molecule.  The Staphylococcus phage K genome protects its genome 
from Sau3A digestion by simply removing restriction sites for Sau3A (8). Other phage like the 
temperate lactococcal phage Tuc2009 avoid restriction modification systems by coding for a 
methylase enzyme (9).  
Similar to restriction modification systems, Clusters of Regularly Interspaced Short 
Palindromic Repeats (CRISPRs) along with CRISPR-associated (Cas) genes have recently 
received much attention as a prokaryotic immune system.  CRISPRs have been documented to 
actively incorporate pieces of invading genetic elements (termed “spacers”) which are identified 
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based on a PAM sequence (protospacer associated motif) resulting in resistance to that phage 
(10, 11).  The CRISPR associated (Cas) genes code for the enzymatic machinery that both 
process the CRISPR transcript and digest foreign DNA guided by a spacer sequence (10, 11).  
While the mechanism behind the CRISPR system has not been fully described, in principle it 
requires pre-exposure to the genetic element to develop resistance.  CRISPR-Cas regions have 
been identified in 90% of sequenced archaea and about 40% of bacteria and are regarded as one 
of the earliest phage/plasmid defense mechanisms developed.  Bacteriophage can defend against 
CRISPR-Cas by simply lacking the PAM sequence necessary for spacer acquisition (11). 
 If cells fail to prevent phage adsorption and degrade the foreign element they can turn to 
mechanisms that prevent transcription, replication and assembly of the progeny phage.  Unlike 
those previously discussed, this phage resistance mechanism will prevent viral replication with 
the cost of cellular death (abortive infection).  In E. coli containing the lysogenic lambda 
prophage can exclude T4 infection (and numerous other bacteriophage) by activating Rex 
proteins which will deplete the cells ATP levels thus halting macromolecular synthesis (12, 13).  
The abortive infection will result in cellular death, but acts altruistically by preventing infection 
of the remaining population by progeny phage.   
Virus and Host Coevolution 
As long as bacteriophage are present, there will be a selective pressure acting on host-cell 
genes to escape infection.  This was observed by early experiments with E. coli K-12 and 
bacteriophage λ.  Lambda resistant strains of E. coli K-12 had acquired point mutations in LamB 
phage receptor protein.  When Lambda was grown in mixtures of λ resistant strain and the 
original sensitive K-12 strain, λ mutants with increased host range (λh) to include the previously 
λ resistant K-12 strain would arise (4).  By mixing phage sensitive and phage resistant host cells, 
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bacteriophage λ could successfully infect sensitive cells to produce progeny viruses.  As the 
population of sensitive cells collapsed a selective pressure is placed on progeny λ phage to adapt 
to the resistant K-12 host which resulted in the formation of lambda strains (4).  When these 
methods are repeated, new lambda and λh resistant host-cell would arise along with λhh phage 
strain that could infect it (4).  Examination of the λh and λhh mutants have shown to adaption to 
LamB variations via mutations in the λ’s J protein used for attachment to LamB (4, 5).   
These laboratory manipulations provided an early picture of the co-evolutionary ‘arms 
race’ occurring between bacteriophage and its host cell in their natural environment.  In co-
evolution experiments, long-term infections of E. coli by λ would select for variation in LamB of 
E. coli to escape infection thereby driving variation in λ’s J protein (14).  Continuous culture 
would eventually lead to host strains with transcriptional suppression of LamB protein removing 
λ’s receptor protein from the cell surface (14).  E. coli strains with LamB suppression 
replenished the population, while λ strains persisted in low numbers by infecting LamB+ host 
strains (14).  Eventually, accumulation of mutations in λ’s J protein allowed for utilization of a 
new host receptor, OmpF (14).  Accumulation of these mutants demonstrated that selective 
pressures from the host-phage arms race not only drive evolution of resistance/counter-resistance 
mechanisms, but can lead to changes in biology of the host cell (suppression of LamB) and 
utilization of a novel phage receptor protein. 
Virus resistance in Sulfolobus  
The resistance mechanism(s) of S. islandicus to SIRVs has yet to be clearly identified.  In 
a transcriptomic analysis, Quax et al. demonstrated increased transcription of ‘defense genes’ of 
S. islandicus when infected with SIRV2 and STIV which were attributed to Cas genes in 
CRISPR-Cas restriction system as well as toxin-antitoxin systems (15).  Both systems have been 
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identified as mechanisms of bacterial resistance to bacteriophage, but it does not provide clear 
evidence that they are functioning as a resistance mechanism in S. islandicus.  In a separate 
study, disruption of any one of 6 genes coding for cell surface and type IV secretion proteins was 
detected in multiple S. solfataricus strains resistant to SIRV2 infection (16).  These mutations 
which resulted in phage resistance suggest that surface proteins may function as surface 
receptors or co-receptors for SIRV2 attachment and/or entry (16).  This provides strong evidence 
demonstrating an effective phage resistance mechanism in S. solfataricus, but raises the question 
of whether or not this mechanism is utilized in S. islandicus. 
Project overview: 
While phage resistance mechanisms have been well characterized in the bacterial domain, 
little is known about viral countermeasures among the archaea due in part to a lack of a model 
system.  Understanding how host cells escape viral infection will also provide insight as to how 
they are able to maintain a presence in a hostile environment and help us to understand how viral 
pressure can influence variation.  Laboratory-generated infections of populations of S. islandicus 
K0016-4 cells by lytic YNP Rudiviruses at a high multiplicity of infection (MOI) have yielded a 
large number of cells surviving infection in lysates and colonies growing inside plaques on 
plaque plates.  These survivors were isolated as phage-resistant strains of S. islandicus K0016-4.  
When these resistant strains were grown in culture and re-challenged to phage infection, the host 
cells maintained resistance to infection.  These preliminary observations demonstrated that 
resistance was stable and suggested that viral resistance is passed to progeny cells.  The purpose 
of this project was to investigate the mechanism(s) by which S. islandicus K0016-4 acquires 
resistance to Yellowstone Rudivirus strains and the properties of the resistant phenotype.  A 
modified version of the Luria-Delbrück fluctuation assay was used to measure the rate of 
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resistance arising within populations to see if resistance was the result of simple mutational 
events.  PCR and gel analysis were used to detect addition of new repeat-spacer sequences in 
CRISPR arrays and to detect changes in surface protein genes homologous to those of S. 
solfataricus.   
Material and Methods 
Growth Media 
Growth media used is documented in Chapter 2.  Overlay media for plaque plates were 
composed of the following:  0.3% gelrite, 1mM glutamine, per 1L of dH20. 
Fluctuation assay  
S. islandicus K0016-4 were streaked for isolation on solid DT plates and grown at 80oC.  
From the streak plates, 20 young isolated colonies were selected and grown in 1mL liquid DT 
medium overnight to represent populations of cells for the fluctuation assay.  Optical density was 
measured for each culture and equalized with sterile DT medium.  Equalized cultures were 
frozen at -70oC in 9% DMSO.  Once all populations were gathered, each was thawed to room 
temperature and serially diluted to 10-1, 10-2, 10-3, 10-4, 10-5, and 10-6 in separate microtubes.  
180μL of the 10-3 dilution was pipetted into three separate microtubes tubes to which 20uL of 
each phage was added respectively.  Each tube was then sealed and incubated for 1 hour at 80oC 
to allow for phage particle adsorption.  After 1 hour, ~200uL of each infected culture, as well as 
uninfected dilutions 10-4, 10-5, and 10-6, were plated on solid DT media and incubated at 80oC.  
As a control, 200μL of each phage stock was plated on a DT plate and incubated at 80oC.  
Colony counts from each plate were recorded and input into the Fluctuation Analysis Calculator 
(FALCOR) (17). 
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Resistant strain isolation 
 Colonies arising after phage infection were streaked for isolation.  Isolated colonies were 
re-streaked on DT plates, and resulting colonies were re-suspended in 9% DMSO solution and 
cross streaked to confirm resistant phenotype and stored at 80oC. 
Cross streaking 
200uL of phage lysate and 200uL of Sulfolobus dilution solution was spread down the 
center of a DT plate (~3 cm in width) and allowed to dry (see Figure 2). Colonies of resistant 
host strains were streaked across the plate and through the phage zone. 
Measuring resistance without selection pressure 
A single colony of phage sensitive K0016-4 host strain was inoculated into 1 mL of 
standard DT liquid media and incubated at 80oC.  Once turbid, the culture was transferred to a 
new 20mL plastic conical tube and 2mL of fresh DT media was also added (total 4mL).  Culture 
was incubated on a rotator at 80oC until reaching an ABS600 of 0.893.  The culture was removed, 
serially diluted (10-2, 10-3, 10-4, 10-5, 10-6, and 10-7) and 100uL of each dilution was spread plated 
on DT plates (3 plates per dilution) and incubated at 80oC.  Isolated colonies were re-suspended 
in 100uL of SDIL buffer in a microtiter plate.   5uL of culture was replica plated on four DT 
plates spread with 100uL of SDIL (control), V3, V60 or V65.  Plates were placed into a 80oC 
incubator for 4 days.   Resistance was scored by comparing growth on phage plates to that of the 
control plate. Host strains scored as resistant were re-streaked and stored in 9% DMSO at -80oC. 
Virus Resistance Reversion assay 
A culture of resistant S. islandicus K0016-4 strain isolated from the previously described 
assay was grown in 2 mL of DT at 80oC.  Once turbid, the culture was transferred to a 20mL 
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conical culture tube with an additional 2mL of DT sterile media was added (total 4mL).  Culture 
was incubated at 80oC on a rotator until reaching an OD of 0.140.  The culture was removed, 
serially diluted (10-2, 10-3, 10-4, 10-5, 10-6, and 10-7) and 100uL of each dilution was spread plated 
on DT plates (3 plates per dilution).  Plates were then incubated at 80oC, and isolated colonies 
were re-suspended in 100uL of SDIL buffer in a microtiter plate.   5uL aliquots were spotted on 
four DT plates spread with 100uL of SDIL (control), V3, V60 or V65.  Plates were placed into 
80oC incubator for 4 days.   Reversion (sensitivity) was scored by comparing growth on phage 
plates to that of the control plate.  Spots with a lack of growth were scored as sensitive. Host 
strains that scored as phage resistant were re-streaked and stored at -80oC in 9% DMSO. 
CRISPR-Cas analysis 
The following two sets of PCR primers were designed to amplify the leader proximal end 
of both CRISPR arrays:  CRISPR1 (FWD AAA AAT TAC ACG GTA TCT GGG ATC) (REV 
TAA GGA GTG GGG TAA AGA CAT TC) 842,725-843385 (661bp) and CRISPR2 (FWD 
CAT TAA ATC CCA TGG TCA CAA AAT ATG) (REV ATT CCA TTA TTT CTC AGA ATA 
TCA GAA AAG).  The PCR products of CRISPR1 and CRISPR2 primers were run on 1.6% 
agarose gel and size differences were compared to a λ-BstEII digest and a pUC19-Tsp509l digest 
respectively. 
Sulfolobus solfataricus surface protein homologues 
PCR primers were designed to amplify the following two regions of S. islandicus K0016-
4 gDNA: 168891-172753 and 2039608-2043938.  For primer design see Table 3.1.  The PCR 
products obtained were run on a 1.6% agarose gel and sequenced from both directions for 
analysis.   
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PCR primers for K0016-4 homologues to P2 resistant genes  
Set Primer Name Sequence 3' start 5' end Tm 
1 
M164_0199 FWD1 ctcacatgttctagaagataaaga 168891 168914 51 
M164_0199 REV1 gacctattgtaaatgctaatacg 170070 170092 50 
2 
M164_0199 FWD2 gcatacaagatattttacgttac 169933 169955 49 
M164_0199 REV2 ctggtggttctaataaaacat 171127 17147 49 
3 
M164_0200 FWD1 gcagactatgaagtgaatatactaa 170991 171015 51 
M164_0200 REV1 ttcatcataggtatccactctt 172177 172198 51 
4 
M164_0200 FWD2 atagtagtaggcgagataaga 172032 172052 50 
M164_0200 REV2 gtttaaatggaaggtaactcc 172733 172753 50 
5 
M164_2227 FWD aacagtaacgattattatcaacaaa 2039608 2039632 50 
M164_2227 REV1 tgcacctaaaacaacttgaa 2040788 2040807 51 
6 
M164_2228 FWD1 cttctcaagctaatttctattttc 2040653 2040676 49 
M164_2228 REV1 acattataccgtaattccctc 2041835 2041855 50 
7 
M164_2228 FWD2 gtggtaacttcgaaattgtt 2041700 2041719 50 
M164_2228 REV2 ttgggactgttgtgtagtat 2042883 2042902 51 
8 
M164_2228 FWD3 atgggcaatagcaatatcaata 2042744 2042765 51 
M164_2228 REV3 ggaatagtcaagataaggtcat 2043917 2043938 50 
Table 3.1. PCR primer design for S. islandicus K0016-4 gene clusters M164_0199-
0200 and M164_2227-2230.   
Results 
Simple Mutation of a host-cell protein 
To investigate if phage resistance was due to random mutation of a single gene, a 
comparison between the rate of phage resistance arising and the previously measured rate of 
random mutation (18).  A modified version of the traditional Luria-Delbrück fluctuation assay 
was used to measure the rate of phage resistant host mutants arising within populations of cells 
(19).  The number of resistant cells surviving infection was used to estimate the number of 
mutational events that occurred in a population.  The frequency of these mutational events is 
calculated as the result random mutational events occurring during the growth of the population.  
For convenience and reproducibility twenty independent S. islandicus K0016-4 colonies were 
selected and grown in culture to a cell density between 1.1x108 and 2.6x108 CFU/mL and frozen 
as aliquots at -80oC in 9% DMSO solution.  The number of resistant mutants in these cultures 
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were determined by separately infecting each of the three YNP phage strains (V3, V60, and V65) 
at a high MOI to ensure all cells were challenged by the phage.  Colonies that grew from each 
culture were scored as a phage resistant mutant cell from the original culture and the total 
number of resistant cells from each culture (r) was calculated from the Colony Forming Unit 
(CFU) of resistant cells in the original culture. The total number of cells sampled (N) was 
calculated as the CFU of each culture prior to phage infection.  Both r and N values were used to 
calculate mutation rate (M) using the Lea-Coulson Method of the Median via FALCOR (17, 20).  
This method measures the mutation rate for each data point (Msorted) and M is determined by the 
median each set of Msorted values.  The rates of mutation of the host cell under selection by each 
of the phage strains V3, V60, and V65 was 4.4687x10-4 (8.4921x10-4 upper, 2.8663x10-4 lower), 
3.45953x10-4 (5.2762x10-4 upper, 2.4829x10-4 lower), and 6.6492x10-4 (8.023x10-4 upper, 
4.1712x10-4 lower) respectively.     
To compare the mutation rates between phage lines, Msorted values for each sample set 
(set of measures under single phage strain selection) were compared using the Kruskal-Wallis 
test (see Table 3.2).  Non-parametric one-way analysis of variance showed the mutation rates of 
the host cells under selection of the three viral strains were not statistically different (Kruskal-
Wallis: H=3.15, 2 D.F., P=0.21) and any differences were due to chance (see Table 1).   This 
supports the conclusion that the rate of mutation occurs at the same rate regardless of the 
selecting phage strain and can be expressed as a single range:  2.4829x10-4 to 8.6023x10-4 
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mutations per generation.  The three mutation rates did not score significantly different from 
each other, indicating that resistance to the three phage strains is occurring at the same rate. 
Table 3.2. Non-parametric analysis of variance of mutation rates of S. islandicus K0016-4 cells 
under selection by each phage strain. 
Resistant strain isolation and cross streaking  
Resistant colonies from the fluctuation assay were streaked and re-streaked for isolation 
and cryopreserved at -80oC in 9% DMSO/SDIL solution.  Since isolated resistant host strains 
were only challenged to a single phage strain, it could be hypothesized that this resistant 
phenotype could confer resistance to multiple phage strains.  Thus, resistant S. islandicus K0016-
4 strains were tested for cross resistance by streaking them on media containing one of the phage 
strains not previously encountered and an SDIL plate as a control (see Figure 3.1).  Resistant 
strains maintained resistance to the original selecting phage strain, arguing that resistance is 
stable through multiple generations.  Most host strains were also resistant to the other two phage 
strains, however there were multiple instances where resistant strains were sensitive to a single 
phage strain of the three.  These results demonstrate that while the resistant phenotype to a single 
YNP phage strain can confer resistance to other genetically distinct strains, and is more common, 
resistant strains can have a varying profile of phage resistance.   
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Figure 3.1. Cross streak assay. Example of cross streak plate (right) in which the center of 
standard DT plate was spread with Phage.  Results of a typical cross streak assay (left); top four 
streaks were isolated phage resistant (PhageR) S. islandicus strains and the bottom streak was a 
wild type (WT) S. islandicus K0016-4 phage sensitive control.  
 
CRISPR-Cas restriction system role 
Since resistance was shown to be specific to particular phage strains it was hypothesized 
that the CRISPR-Cas system could be contributing to resistance.  The CRISPR-Cas system 
requires a piece of the invading elements genome added as a spacer to its CRISPR array to target 
the exact sequence for digestion by CAS endonucleases.  One could therefore predict the 
resistant phenotype would be the result of the cells acquisition of a new YNP phage strain 
specific spacer sequence in the CRISPR array.  PCR amplification, and subsequent gel analysis 
(see Figure 3.2), showed no detectable size difference in either CRISPR sequences among 
resistance strains as compared to the sensitive control.  These results showed no addition of a 
new repeat-spacer sequence to the resistant strain after phage infection.  Sequencing of the PCR 
products did not yield evidence of addition of any new spacer sequence to either CRISPR arrays.  
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Resistance acquisition without phage exposure 
To test if the resistant phenotype arises without exposure to phage, host cells in a dense 
population arising from a pure sensitive S. islandicus K0016-4 host strain were scored for 
resistance.  Using replica plating onto phage plates (see Methods), 896 isolated colonies were 
scored from the clonally pure population of 1.4x108 cells for resistance to the three YNP phage 
strains individually (see Figure 3.3).  Only 2 strains scored resistant to all 3 SIRV strains.  Four 
colonies demonstrated selective resistance to single viral strains; 1 resistant exclusively to V3 
and 3 to V60 (confirmed via cross streaking).  The frequency of phage resistance arising within 
the population with respect to strain specificity was as follows:  0.22% resistance to all strains, 
0.33% resistance to V60 exclusively and 0.11% resistance to V3 exclusively.  The frequency of 
the total number of resistant strains arising in the population (regardless of phage strain 
specificity) was ~0.66%. 
Figure 3.2. PCR products of CRISPR regions ran on 2% agarose gel of resistant and 
sensitive SIRV strains.  PCR Products of CRISPR1 and CRISPR2 ran on a 2% agarose gel. 
Phage sensitive strains (WT) were compared with phage resistant strains V3R, V60R, V65R, 
and conditional resistant strain V60RV3S (sensitive to V3) 
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Figure 3.3. Scoring for YNP phage resistance of a S. islandicus K0016-4 culture.  Replica 
plating results comparing a SDIL control plate to a V60 phage plate. 
 
Reversion of the resistant phenotype 
 To test the stability of the phage resistant phenotype, the previous assay was modified to 
measure for phage sensitivity arising from a clonally pure population originating from a resistant 
host strain.  By growing a clonally pure population from a host strain resistant to all three phage 
strains without the YNP phage strains acting as a selective pressure, phage-sensitive cells arising 
in the population could be detected.  Colonies unable to grow on the phage plates were scored as 
sensitive and confirmed via cross streaking (see Figure 3.4).  Of the 821 cells obtained as 
isolated colonies scored from a population of 1.06x108 cells, 69 were sensitive to all three SIRV 
strains, resulting in a reversion to the sensitive phenotype at a frequency of 8.4% per generation.  
All host strains obtained by this assay were confirmed sensitive to all three SIRV strains.  This 
suggests that reversion to the sensitive phenotype results in the cell becoming sensitive to all 
three phage strains.   
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Figure 3.4 Scoring S. islandicus K0016-4 resistance culture for reversion to phage sensitive.  
Replica plating results for reversion to phage sensitivity comparing a SDIL control plate to a V3 
phage plate. 
 
Sulfalobus solfataricus resistance genes 
 In a recent investigation, Deng et al. reported mutations in two gene clusters, sso3138-
sso3141 and sso2386-sso2387, in S. solfataricus mutant strains resistant to SIRV2 (16).  These 
two clusters contain 6 genes coding for cell surface and type IV secretion proteins (16) (see 
Table 3.3).  BLAST analysis of these genes has identified homologues to all six genes in S. 
islandicus K0016-4 (see Table P2).  It could be hypothesized that these homologues in S. 
islandicus K0016-4 could play a mechanistic role similar to that of S. solfataricus for the 
frequent resistant phenotype.  If this is the case, then we could test for disruption or deletions 
occurring in these genes by comparing gene sizes of resistant strains to those of sensitive wild 
type strains via PCR amplification and agarose gel analysis.  Therefore, PCR primers were 
designed to amplify both gene clusters M164_2227-M164_2230 and M164_0199- M164_0200 
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(see Methods).  The resulting PCR products of restraint strains had no detectable differences in 
size when compared to a phage sensitive control on a 2% agarose gel (see Figure 3.5).  To detect 
small insertions/deletions or nucleotide substitutions that cannot be seen on agarose gel, PCR 
products were sequenced.  Sequences of resistant strains yielded no differences to the sensitive 
lab strain or to the previously published S. islandicus K0016-4 sequence.   
Sulfolobus solfataricus P2 surface protein gene homologues in Sulfolobus islandicus 
K0016-4 
Sulfolobus solfataricus P2 Sulfolobus islandicus K0016-4 
ORF name Start End NT size ORF name Start End 
NT 
size 
sso3138 3886869 3887369 500 M164_2230 2043347 2043838 491 
sso3139 2887379 2888815 1436 M164_2229 2043141 2042041 1100 
sso3140 2888776 2890428 1652 M164_2228 2040268 2041581 1313 
sso3141 2890425 2890988 563 M164_2227 2039708 2040271 563 
   
sso2386 2172218 2174068 1850 M164_0199 168991 170841 1850 
sso2387 2174074 2174925 851 M164_0200 170853 171658 805 
Table 3.2 S. solfataricus P2 coding surface protein homologues in S. islandicus K0016-4.  
Details the S. islandicus K0016-4 genes homologous to the S. solfataricus P2 surface protein 
coding genes. 
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Figure 3.5.  PCR-agarose Gel analysis of M164_0199-0200 and M164_2227-2230 gene 
clusters.  PCR products of wild type (WT) and page resistant 207 (207R) strain ran on 2% 
agarose gels with λ+BstEII as a control. 
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Discussion 
Resistant host cells arising in both infected and uninfected cultures is very frequent.  
When the rate of mutation range of phage resistance, 2.4829×10-4 to 8.6023×10-4 mutations per 
generation, are compared to rate of spontaneous mutation of the protein encoding gene pyrE 
(18), these resistant mutational events are occurring at a rate that is 1000x greater.  This 
comparison indicates that the resistant phenotype is not primarily the result of a spontaneous 
mutation of a gene required for phage infection, such as a surface protein for attachment and 
adsorption.  While this does not rule out spontaneous mutation as a virus resistance mechanism 
or variation in surface proteins most likely to confer such resistance, it does indicate that these 
are not the primary mechanism of resistance in Sulfolobus islandicus K0016-4 strains.  It also 
argues that virus resistance in this organism is not a result of random gene mutation but rather 
the result of a specific mechanism.   
Deng et al. previously identified two gene clusters in S. solfataricus 5E6 and S. 
solfataricus P2 whose products proposed to be responsible for SIRV2 entry (16).  They also 
showed that disruptions in genes contained within these clusters by insertions sequences resulted 
in a host cell resistant to SIRV2 infection, thereby identifying a mechanism to escape infection 
(16).  Sequence comparisons of the S. solfataricus P2 homologues of resistant S. islandicus 
K0016-4 genes to those of the phage sensitive strains showed no sequence variation.  This 
demonstrated that the primary mechanism of phage resistance in S. islandicus operates by a 
different mechanism.  This is not to say that these surface proteins do not play an important role 
in the phage infection cycle of S. islandicus. 
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The CRISPR-Cas defense system has been credited to S. islandicus resistance to SIRV2 
based on increased transcription of Cas genes in infected S. islandicus cells.  It did not provide 
evidence that an increase in transcription results in Cas targeting of the invading SIRV2 genome.  
In the resistant host strains, resistance specificity to any one or multiple YNP phage strains 
varied.  This suggests that if a new repeat-spacer was obtained in the CRISPR-array the spacer 
was specific to only select SIRV strains.  However, there was no addition of a new repeat-spacer 
element in either of the two CRISPR arrays of resistant strains (see Figure 3.5).  The lack of a 
new repeat-spacer in the CRISPR array prevents it from targeting the genome of the invading 
YNP phage.  The CRISPR-Cas genes can still be transcriptionally active and even increase under 
molecular changes caused by phage infection. However, this does not necessarily imply that it 
has the correct spacer sequence for targeting by CAS endonucleases.    
 In addition to a lack of a new phage specific repeat-spacer, phage resistant strains arise 
from clonal populations originating from sensitive host cells without any phage particles.  These 
events are occuring at a high frequency in line with measurements taken from the fluctuation 
assay in which YNP SIRVs were acting as a selective pressure on the population.  Thus, the 
primary (most frequent) mechanism of phage resistance arises naturally within a population.  
This directly excludes CRISPR-Cas restriction system, since there was no opportunity for 
processing a new repeat-spacer sequence due to the lack of phage DNA. 
Resistant strains arising in a population without phage selection indicated resistance is 
not a direct adaptive response to the invading genetic element.  The arisal of the resistant 
phenotype is occuring naturally in clonal populations and can revert back to phage sensitive 
phenotype in clonal populations (at least without phage as a selective pressure).  Reversion to 
sensitivity arising in a population was 13x more frequent than in the change from sensitive to 
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resistant phenotype.  It is not clear why reversion to phage sensitivity occurs in clonal 
populations and at such a high frequency.  Ideally, phage resistance provides a fitness advantage, 
especially in environments rich with phage particles.  One possibility could be a fitness cost to 
the cell selecting for a phage sensitive phenotype when virial predation is minimal, however 
more evidence is required.  
Laboratory observations indicated that resistant K0016-4 strains grow slower than the 
typical sensitive strains.  Resistant strains typically required ~7-8 days of incubation to form 
isolated colonies of equal size to phage sensitive strains which required ~4-5 days.  Whether this 
phenotype is the result of phage resistance, or provides a fitness advantage to the host-cell and 
phage resistance is secondary, requires more investigation.  These results taken together argue 
for a molecular mechanism acting as a switch in which the the host cell switches between a 
phage sensitive and a phage resistant phenotype. 
  
58 
 
Works Cited 
1. Grose JH, Casjens SR. 2014. Understanding the enormous diversity of bacteriophages: 
the tailed phages that infect the bacterial family Enterobacteriaceae. Virology 468-
470:421-443. 
2. Labrie SJ, Samson JE, Moineau S. 2010. Bacteriophage resistance mechanisms. Nat 
Rev Microbiol 8:317-327. 
3. Gehring K, Charbit A, Brissaud E, Hofnung M. 1987. Bacteriophage lambda receptor 
site on the Escherichia coli K-12 LamB protein. J Bacteriol 169:2103-2106. 
4. Hofnung M, Jezierska A, Braun-Breton C. 1976. lamB mutations in E. coli K12: 
growth of lambda host range mutants and effect of nonsense suppressors. Mol Gen Genet 
145:207-213. 
5. Werts C, Michel V, Hofnung M, Charbit A. 1994. Adsorption of bacteriophage lambda 
on the LamB protein of Escherichia coli K-12: point mutations in gene J of lambda 
responsible for extended host range. J Bacteriol 176:941-947. 
6. Foster TJ. 2005. Immune evasion by staphylococci. Nat Rev Microbiol 3:948-958. 
7. Nordstrom K, Forsgren A. 1974. Effect of protein A on adsorption of bacteriophages to 
Staphylococcus aureus. J Virol 14:198-202. 
8. Kruger DH, Barcak GJ, Smith HO. 1988. Abolition of DNA recognition site resistance 
to the restriction endonuclease EcoRII. Biomed Biochim Acta 47:K1-5. 
9. McGrath S, Seegers JF, Fitzgerald GF, van Sinderen D. 1999. Molecular 
characterization of a phage-encoded resistance system in Lactococcus lactis. Appl 
Environ Microbiol 65:1891-1899. 
10. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, Romero 
DA, Horvath P. 2007. CRISPR provides acquired resistance against viruses in 
prokaryotes. Science 315:1709-1712. 
11. Deveau H, Barrangou R, Garneau JE, Labonte J, Fremaux C, Boyaval P, Romero 
DA, Horvath P, Moineau S. 2008. Phage response to CRISPR-encoded resistance in 
Streptococcus thermophilus. J Bacteriol 190:1390-1400. 
12. Parma DH, Snyder M, Sobolevski S, Nawroz M, Brody E, Gold L. 1992. The Rex 
system of bacteriophage lambda: tolerance and altruistic cell death. Genes Dev 6:497-
510. 
13. Snyder L, McWilliams K. 1989. The rex genes of bacteriophage lambda can inhibit cell 
function without phage superinfection. Gene 81:17-24. 
14. Meyer JR, Dobias DT, Weitz JS, Barrick JE, Quick RT, Lenski RE. 2012. 
Repeatability and contingency in the evolution of a key innovation in phage lambda. 
Science 335:428-432. 
15. Quax TE, Voet M, Sismeiro O, Dillies MA, Jagla B, Coppee JY, Sezonov G, 
Forterre P, van der Oost J, Lavigne R, Prangishvili D. 2013. Massive activation of 
archaeal defense genes during viral infection. J Virol 87:8419-8428. 
16. Deng L, He F, Bhoobalan-Chitty Y, Martinez-Alvarez L, Guo Y, Peng X. 2014. 
Unveiling cell surface and type IV secretion proteins responsible for archaeal rudivirus 
entry. J Virol 88:10264-10268. 
17. Hall BM, Ma CX, Liang P, Singh KK. 2009. Fluctuation analysis CalculatOR: a web 
tool for the determination of mutation rate using Luria-Delbruck fluctuation analysis. 
Bioinformatics 25:1564-1565. 
59 
 
18. Grogan DW, Carver GT, Drake JW. 2001. Genetic fidelity under harsh conditions: 
analysis of spontaneous mutation in the thermoacidophilic archaeon Sulfolobus 
acidocaldarius. Proc Natl Acad Sci U S A 98:7928-7933. 
19. Luria SE, Delbruck M. 1943. Mutations of Bacteria from Virus Sensitivity to Virus 
Resistance. Genetics 28:491-511. 
20. Lea DE, Coulson CA. 1949. The distribution of the numbers of mutants in bacterial 
populations. J Genet 49:264-285. 
 
  
60 
 
Chapter IV. Conclusions 
Yellowstone Rudiviruses 
The lytic strains of Sulfolobus infecting virus strains V3, V60 and V65 documented in 
this thesis belong to the Rudivirdae family.  Electron microscopy showed each strain shares the 
same stiff rod-shaped virion and genomes align well with other Rudiviruses and share genes for 
both major and minor capsid proteins, a Holliday junction resolvase, VAP and all three group 1 
glycosyl transferases.  Whole genome alignments showed these genes are in a similar 
arrangement across YNP phage and Icelandic SIRVs, as well as the three more distant 
Rudiviruses Stygioglobus rod-shaped virus (SRSV), Acidianus rod-shaped virus 1 (ARSV) and 
Sulfolobus Mexican Rudivirus (SMV).  Our YNP phage are most closely related to both SIRV1 
and -2 but distantly related to SRS1, ARV1 and SMV.   
 How these strains diverged could be explained by allopathic speciation due to 
geographic isolation.  These phage are limited to the extreme environment of their host cells 
which are only found in regions of volcanic activity.  Additionally, these regions are separated 
by thousands of miles and even located on separate continents.  Therefore, it can be reasoned that 
the YNP Rudiviruses would be most closely related to each other since they are found within the 
same geographic region similar to the two Icelandic SIRVs.  SRS1, ARV1 and SMV were each 
isolated from hot springs from other parts of the world.  As such, each isolated environment 
could have provided different selective pressures via host strain changes or high rate of genetic 
mutations arising, either or both of which could result in genetic drift.   
One could reason that genetic differences among Rudiviruses is the result of fixation of 
alleles benefiting infection cycle of the Sulfolobus species available.  Since viral replication is 
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dependent on the host-cell, viruses must adapt to any changes in host-cell population affecting 
the infection cycle.  For lytic viruses, these traits could include things such as adsorption rate, 
burst size, as well as combating resistance mechanisms.  With the exception of SMV, both 
SRSV1 and ARV1 infect 2 different Sulfolobus species while YNP strains and SIRVs both 
primarily infect S. islandicus.  The fixated alleles for populations of each of the Rudivirus strains 
could be influenced by the host-cell species available in the population.  This would explain why 
SIRVs and the YNP strains share higher sequence homology than SRSV and ARV1.  
Yellowstone phage strains and their Minor Capsid Protein  
The populations of lytic Sulfolobus viruses isolated in 2008 and 2011 have two distinct 
genotypes based on the highly variable region (HVR) of the minor capsid protein (MNCP).  
Sequence alignments separated isolates into two distinct clades.  Surprisingly, our sequenced 
strain V3, V60 and V65 grouped with the other previously sequenced Rudiviruses within the 
same clade.  This second clade could represent a novel isolated Rudivirus.  What is interesting is 
that members of both clades were isolated from multiple locations over four years.  If we 
consider the two major clades as a particular genotype of the MNCP, it could be concluded that 
two distinct genotypes have fixed in the virus populations in Yellowstone.  This is based only on 
a short sequence (~500bp) and warrants further analysis such as whole genome sequencing.  The 
divergence from other previously isolated Rudiviruses is high and is supported by multiple 
independent isolates.   
Host cell interactions and phage resistance 
 Infections of S. islandicus K0016-4 cells by the three Yellowstone viruses resulted in 
cellular lysis.  Clear plaque formation and observed lysis of cultures from infection curves 
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demonstrate these YNP strains are lytic.  After clear lysis of liquid cultures cell density was 
observed to increase with continued incubation (data not shown).  These cells surviving the 
population bottleneck represented the arisal of resistant host-cells in the population.  If allowed 
to continue, these resistant strains would eventually replenish the lost population. 
The phage resistant phenotype arises within clonal populations originating from a single 
sensitive host cell at a frequency 1000x higher than what would be expected of spontaneous gene 
mutation. This rules out typical spontaneous mutation events as the primary mechanism of phage 
resistance in S. islandicus K0016-4.  There is not enough evidence to completely rule out 
mutation(s) as a phage resistance mechanism.  Initial propagation of phage resistant cell lines 
demonstrated that the phage resistant phenotype was maintained in progeny cells, demonstrating 
resistance has a genetic property.  The CRISPR-Cas system could explain both resistance 
phenotype passing on to progeny and the varying profiles of resistance since the Cas nucleases 
are directed by highly specific phage derived spacer sequences.  However, there was no detection 
of any addition of new spacer repeats to the CRISPR arrays specific to our three phage strains.  
Also resistant phenotype arises without exposure to phage particles (measured at same frequency 
as the phage resistance).  This provides further evidence against the CRISPR-Cas as the primary 
phage resistance mechanism.   
Interestingly, phage resistance is also unstable in populations of host cells.  The 
frequency of reversion to the sensitive phenotype was almost four times more frequent than that 
of resistance.  These results taken together suggest resistance may be acting under a switch 
mechanism resembling an epigenetic change.  Epigenetic signals establish and maintain cellular 
adaptation in response to environmental changes without changing to the DNA sequence.(1)  
These changes are facilitated by different transcription states of genes in the cell that form a 
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molecular memory to maintain changes that can also be reversed (1).  Under this principle, 
sensitive cells would react to some sort of stimuli by altering the transcriptional state of a gene or 
set of genes.  As a result, activation and/or deactivation of genes can result in the phage resistant 
phenotype of the host cell.  Such a mechanism would act similar to the λ resistant E. coli strains 
that have supressed transcription of the λ phage receptor LamB.  This altered transcription state 
would be inheritable in S. islandicus, as well as reversible, to account for reversion back to the 
phage sensitive phenotype.  Therefore, a switch in transcriptional states would likely be the result 
of variation in methylation patterns of the gene(s) resposible for resistance.  In order to detect 
changes in transcriptional states, comparisons of a wild type (WT) S. islandicus and phage 
resistant S. islandicus transcriptomes should be performed.  If a change in gene expression is 
detected by transcriptomic analysis than a followup comparison of a phage sensitive revertant 
could provide clear evidence of a genetic switch mechanism. 
The primary mechanism of phage resistance employed by S. islandicus K0016-4 has yet 
to be clearly defined.  High rate of resistance and lack of phage specific spacer-sequences both 
argue that the primary mechanism of resistance is not the result of gene mutation or the CRISPR-
Cas system.  Resistance arising in host-cell populations without phage and reversion to phage 
sensitivity argue that phage resistance acts by switch mechanism, with epigenetic properties.  
Future efforts should be directed toward whole genome sequencing of phage resistant host 
strains as well as sensitive revertant strains.  Comparisons of these strains with the WT sequence 
as a follow-up to detect possible mutational events.  This method would not be able to detect 
changes in gene expression.  Therefore, transcriptomic analysis would be valuable to identify 
changes in regulation of genes between the phage sensitive and phage resistant strains of S. 
islandicus.   
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